Highly luminescent semiconductor quantum dots have been synthesized in porous materials with ultraviolet and x-ray lithography. For this, the pore-filling solvent of silica hydrogels is exchanged with an aqueous solution of a group II metal ion together with a chalcogenide precursor such as 2-mercaptoethanol, thioacetamide or selenourea. The chalcogenide precursor is photodissociated in the exposed regions, yielding metal chalcogenide nanoparticles. Patterns are obtained by using masks appropriate to the type of radiation employed. The mean size of the quantum dots is controlled by adding capping agents such as citrate or thioglycerol to the precursor solution, and the quantum yield of the composites can be increased to up to about 30% by photoactivation. Our technique is water-based, uses readily available reagents, and highly luminescent patterned composites are obtained in a few simple processing steps. Polydispersity, however, is high (around 50%), preventing large-scale usage of the technique for the time being. Future developments that aim at a reduction of the polydispersity are presented.
Introduction
In the last few years, a wide array of quantum dot-based devices and composites has been proposed for applications ranging from nonlinear optics [1] [2] [3] [4] to light emitting diodes [5, 6] , sensors [7] [8] [9] , and lasers [10] [11] [12] . Large-scale use of these devices and materials, however, is limited by cost and manufacturing issues. It was recognized early that applications could be made more readily available if quantum dots could be synthesized with bottom-up techniques which are compatible with conventional microfabrication methods such 7 Authors to whom any correspondence should be addressed.
as photolithography [13] . However, progress in this direction has been sluggish. Only very recently, patterning of substrates with quantum dots was reported, and it was obtained with a top-down approach; photocorrosion of films of pre-formed quantum dots [14] .
We recently demonstrated that quantum dots can be synthesized in selected regions of porous matrices by photodissociation of appropriate precursors.
In the first demonstration of our photolithographic technique the precursors were dissociated thermally by focused infrared light (IR) [15, 16] . Heat diffusion, however, rendered the use of masks impractical. Only relatively primitive patterns could be produced by translating the sample in front of the focused beam. We then showed that ultraviolet light (UV) can also be employed to pattern substrates with quantum dots [17] . However, photodissociation of the thiol precursors employed in the UV experiments was not very efficient. The incident light had to be tightly focused, and patterns could be produced only by translating the sample in front of a small illuminated spot, as in the IR case. In addition, the composites produced with both IR and UV lithographies had a very low quantum yield of below 1%. Here we expand those methods and we show that: (i) photodissociation can be made more efficient by using a different set of precursors, allowing production of complex patterns by masking; (ii) the quantum yield of the composites can be increased to up to about 30% by photoactivation; (iii) quantum dots can be produced with x-ray lithography. Our quantum dot photolithography (QDPL) technique has therefore come a long way and includes several attractive features, each of which has deep implications for applications. For example, we now have precursor combinations that are easily photodissociated. Thus, it may be possible to use conventional ultraviolet exposure and masking tools to produce quantum dots. The high quantum yield of the composites, combined with their porosity, may allow applications of the materials as optical materials and sensors. X-ray lithography paves the way to ultra-high spatial resolution. In our experiments, comparatively hard x-rays (8.5 keV) were employed, for which masks can be realized which have a resolution of tens of microns. However, it is conceivable that soft x-rays could be employed, for which masks can be fabricated with a resolution of well below 1 μm [18] . We have also observed that features produced with x-ray lithography penetrated into the bulk of the monoliths for as much as 12 mm. These structures have an aspect ratio of around 200 and could conceivably be employed as waveguides. In fact, materials such as PbS have a much higher index of refraction (n = 4.1) than the matrix (n = 1.1-1.5) for silica gels. The addition of PbS in a concentration as little as 0.1% by volume to a silica gel increases the index of refraction of the composite by n ≈ 5 × 10 −3 , which is sufficient for waveguiding applications. The main drawback of the technique, at this point, is probably polydispersity, which was estimated to be around 50% from the FWHM (full width at half maximum) of the exciton peak in the absorption spectra. Polydispersity might be eliminated by using matrices with well-contolled pore size, such as MCM-41 [19] , or by sizeselective photocorrosion [14, 20, 21] , and this is where our research will focus in the near future.
Experimental details

Sample preparation
Silica hydrogels were prepared following a conventional basecatalyzed route [22] . The hydrogels were then washed several times in methanol and water. Hydrogel cylinders were then cut into smaller cylinders of about 7 mm in diameter and 5-7 mm in length. These cylinders were then immersed in 20 ml of a solution of a group II precursor and a group VI precursor. To produce CdS composites with ultraviolet photolithography, the precursor solution consisted of Cd(NO 3 2 or Pb(NO 3 ) 2 in a concentration between 0.01 and 0.05 M. The chalcogenide source was 2-mercaptoethanol, in a typical concentration of 1 M. The precursor solutions for x-ray lithography were stable at room temperature, and cooling was not required. In all experiments, diffusion of the precursors inside the gels was usually complete within 2 h, at which point the gels were irradiated. The gels and bathing solution were kept under Ar during preparation and irradiation. Unreacted precursors were removed after exposure by placing the samples in a large volume (>100 ml) of cold water. This washing procedure was repeated three to four times. The particle size was controlled by adding a capping agent like citrate or 2-mercaptoethanol to the bathing solutions, in a concentration up to ten times higher than that of the metal ion.
Irradiation
Ultraviolet. The light source for ultraviolet photolithography was a high-pressure, 100 W Hg arc discharge lamp, whose light was collimated on the sample either with a long focal length lens or with a standard collimator system. Hydrogels filled with the precursor solution were placed in a quartz cuvette, filled with some of the solution for index matching, and placed in front of the beam. To prepare masks, a pattern was printed on paper with a laser printer, and a reduced copy was transferred on an acetate transparency with a standard copier. The mask was then placed on the outer surface of the cuvette, and the sample was irradiated.
X-ray. Irradiations were carried out at the Materials Research Collaborative Access Team (MRCAT) bending magnet beamline, at Argonne National Laboratory's Advanced Photon Source. The beamline has a beam-defining mask upstream of an 880 mm long in-vacuum platinum coated mirror held at an angle of 8 mrad used as a low-pass energy filter. The low-energy spectrum of the beamline is defined by the 375 μm thickness of the beryllium windows. The final dimensions of the collimated beam are approximately 100 mm by 6 mm. The beam was not monochromatic; the mean beam energy was 8.5 keV, and the FWHM of the energy distribution was around 6 keV. To prevent heating and damage to the gel structure, gels were translated in front of the beam at a typical speed of 20 mm s −1 . Hard x-ray masks for ultradeep x-ray lithography (UDXRL) were fabricated by electro-depositing a Au absorber layer with a thickness on the order of 50 μm on a thin (0.5 mm) graphite sheet. A detailed description of the mask fabrication procedure can be found in [23] . 
Characterization
Samples were characterized with ultraviolet-visible (UVvis) optical absorption spectroscopy, photoluminescence spectroscopy, and Raman spectroscopy. Optical absorption spectra of hydrogel-quantum dot composites were taken with a CARY 5 ultraviolet-visible-near-infrared (UV-vis-NIR) spectrophotometer. Photoluminescence spectra were taken using a JY-Horiba Fluorolog 3-22 Fluorometer. Raman spectra were obtained using the 514.5 nm line of an Ar + laser and a SPEX 0.85 m double spectrometer equipped with a liquid N 2 cooled charge-coupled device array detector, or using a Renishaw micro-Raman spectrometer with a 785 nm excitation line. Due to the challenges of PbS Raman spectroscopy, a reference PbS powder was prepared separately. The powder was obtained by adding 0.1 M Na 2 S to a 0.1 M Pb(NO 3 ) 2 solution. The precipitate was filtered and washed several times with water, methanol, and ethanol. The resulting powder was polydisperse, with grains varying from about 10 nm to a few microns.
Quantum yield measurements
Two different procedures were used to measure the quantum yield of the composites. In one case, a sample was illuminated with uncollimated UV light to originate a uniform distribution of semiconductor nanoparticles through the monolith. The emission of the composite was compared to that of a hydrogel which had the same dimensions of the composite, and where the solvent had been exchanged with a rhodamine solution. Alternatively, a CdSe spot with a diameter of about 1 mm was produced in a thin (about 1 mm) hydrogel. Exposure time and lens focal length were chosen such that the CdSe pattern penetrated through the sample, giving rise to a cylindrical feature. The sample was then illuminated through a mask which had the same diameter as the CdSe pattern, and the emission was compared to that of a rhodamine-loaded sample, illuminated through the same mask. For both procedures, the UV-vis spectrum of the composite and reference monolith were measured to account for differences in absorption. To rule out sample inhomogeneity and geometry issues, measurements were repeated for at least four composite samples prepared under the same conditions, and for four to five samples loaded with varying rhodamine concentrations. Figure 1 shows sample patterns obtained by masking. Figure 1(a) shows a CdSe pattern obtained with UV photolithography. The image was taken under room lighting. Figure 1(b) shows the luminescence of the pattern in (a), excited by an Ar + laser. Figures 1(c) and (d) show PbS patterns obtained with x-ray lithography. For ease of representation, comparatively large patterns were produced. The resolution of the QDPL technique, however, is at least on the order of a few microns. A point resolution of about 3 μm was attained in our previous experiments by focusing an Ar ion laser beam on the surface of a gel with a low-magnification microscope objective. For the x-ray technique, a resolution on the order of 10 μm was obtained, which coincided with the fabrication limit of the x-ray mask [23] .
Results and discussion
Pattern generation
Photodissociation and reaction mechanisms
Ultraviolet. The UV technique is based on the photodissociation of chalcogenide precursors. In our initial experiments, we employed a solution of Cd 2+ and a thiol (RSH) like 2-mercaptoethanol [17] . Ultraviolet irradiation dissociated the thiols, yielding CdS. Photodissociation of these precursors, however, was not very efficient, and patterns could be created only by exposing matrices to tightly focused beams. In this work, we use different chalcogenide precursors which are also dissociated by UV light: thioacetamide, thiourea and selenourea. The overall reaction scheme leading to chalcogenide nanoparticles is shown in equations (1) and (2) for thioacetamide [24] :
The use of selenourea as a source of selenium ions was investigated recently by other groups [25] [26] [27] . It was found that selenourea photodissociates easily, but care must be taken to avoid oxidation of Se 2− [27] . In our experiments, oxidation of the Se anions was prevented by the capping agents, citrate and thioglycerol, which are reducing agents.
The chalcogenide precursors employed in the present experiments were more easily photodissociated than the precursors used previously.
In samples containing the same precursor concentration, clearly visible patterns were formed five to ten times more rapidly when selenourea was used instead of the 2-mercaptoethanol (RSH) used previously. In addition, the molar absorptivity at 254 nm (Hg line) of the Cd 2+ -RSH precursor combination is 3.2 × 10 4 M −1 cm −1 [17] ; the molar absorptivity of Cd 2+ -selenourea is 1.0 × 10 4 M −1 cm −1 . When the differences in absorptivities and exposure times are taken into account, we obtain that UV irradiation of Cd 2+ -selenourea is 15-30 times more efficient than that of Cd 2+ -RSH. X-ray. For x-ray lithography, the chalcogenide precursor was 2-mercaptoethanol. 2-mercaptoethanol is dissociated and liberates SH − when it reacts with the solvated electrons and radicals liberated by the interaction of x-rays with water [28, 29] .
The overall reaction leading to metal chalcogenides is reported in equations (3)- (5) . Reduction of the metal ions by the solvated electrons, equation (6) , was prevented by working in a large excess of thiol, typically 10-100 times the metal ion concentration:
Patterns were formed readily with x-ray lithography. Typically, an exposure to 85 mA min was sufficient to generate clearly visible patterns. This exposure is very low when compared to more conventional x-ray lithography processes such as LIthografie, Galvanoformung, Abformung (LIGA). These processes are usually based on radiation-induced crosslinking of polymers like poly(methyl metacrylate) (PMMA) which require extremely lengthy exposures. On our apparatus, PMMA structures were obtained after exposures on the order of 40 000 mA min. We also noticed that the chalcogenide patterns penetrated inside the gels for several millimetres, suggesting that x-ray lithography could be employed to fabricate three-dimensional quantum dot structures with a high aspect ratio. 
Materials characterization
Semiconductor nanoparticles form within the exposed regions, and do not diffuse appreciably in the unexposed regions, at least within the limits of our measurements. The dimensions of the photolithographed features always coincided with those of the features on the masks, at least within the resolution of the optical microscope used for the measurements (∼1 μm) [30] . The mean particle size was most efficiently controlled by adding capping agents to the precursor solution. The effect of capping agents on the mean particle size is shown in figure 2 . CdSe samples capped with citrate exhibited an excitonic shoulder in the 570-580 nm range, which corresponds to a mean nanoparticle size of 5 nm [31] . Samples capped with a stronger capping agent such as thioglycerol exhibited an excitonic shoulder in the 430-440 nm range, corresponding to a mean nanoparticle size of 2.3 nm [32] . We point out, however, that the excitonic shoulders were always very broad, independent of the capping agent that we employed. The large FWHM of these shoulders is a clear indicator of polydispersity. In experiments from other groups, weak, undefined shoulders were associated with a ∼50% polydispersity, which is probably a realistic figure for our experiments [20] . We point out that size distribution histograms measured with transmission electron microscopy were not meaningful. In fact, for sizes below about 5 nm it is exceedingly difficult to distinguish the nanoparticles from density fluctuations of the silica matrix. The as-grown composites were poorly luminescent, which is common for quantum dots grown in aqueous environment. The luminescence, however, could be increased considerably by photoactivation. For this, unreacted precursors were first washed out of the hydrogels. The samples were then exposed to a low-power (∼15 W) black light. Light absorption by II-VI nanoparticles can induce oxidation of the chalcogenide, equation (7) [20, 31, 32] . Surface defects are photooxidized preferentially, thus photoactivation is a convenient way to remove such defects and improve the photoluminescence quantum yield [20, 21, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Figure 3 reports the results of a typical photoactivation treatment of a CdSe-patterned sample. The emission of as-grown samples was very weak, but increased by more than 300 times with photoactivation. The emission maximum was around 580 nm before photoactivation, and around 560 nm at the end of the photoactivation period. The blue shift of the emission indicates that the mean size of the nanoparticles is reduced by photoactivation. Particle size reduction upon illumination has been reported also by other groups [14, 20, 21, 32] and is not surprising, since photoactivation removes atoms preferentially but not exclusively from surface defects. Luminescence quantum yields were determined with two different procedures, which are described in section 2. The quantum yields calculated with these procedures were quite consistent and indicated that the quantum yield of citrate-stabilized quantum dot composites could be increased to up to 30% [32] . This high value of the quantum yield is in substantial agreement with recent reports of photoactivation of quantum dots. For example, citrate-capped CdSe quantum dots can be photoactivated to reach a quantum yield as high as 59%. The quantum yield of our composites is comparable to or higher than the quantum yield of commercially available polymer/quantum dot composites [40] , and to the quantum yield of recently reported latex spheres decorated with quantum dots and of photonic crystals (opals) infiltrated with quantum dots [47] . All these composites have a quantum yield on the order of 10% [48] .
The chemical identity and the structure of the nanoparticles in the patterned regions were investigated in our previous reports using techniques such as Raman spectroscopy, transmission electron microscopy, x-ray diffraction, and x-ray photoelectron spectroscopy. All these techniques showed that the nanoparticles were free of contamination, and that they had a bulk crystalline structure. In this work, we characterized the nanoparticles using Raman spectroscopy, and the results were in agreement with our previous research [15] [16] [17] . Representative Raman spectra are shown in figure 4 for CdS and PbS patterns obtained with x-ray lithography. CdS patterns exhibited a peak at 303 cm −1 . This frequency is in good agreement with previous Raman measurements of CdS/silica composites, and corresponds to the first-order longitudinal optical (LO) phonon frequency of CdS [15] [16] [17] 49] . The interpretation of the Raman results for PbS is more complex. The LO phonon of crystalline PbS at ∼205 cm −1 in normal Raman scattering is forbidden. However, by using an excitation source close to the intergap energies allows the forbidden Raman bands through the Fröhlich interaction mechanism [50] . The Raman spectrum of bulk PbS contains mainly three peaks at 154, 204, and 454 cm −1 [51] . The 154 cm −1 peak is a combination of a transverse acoustic (TA) and a transverse optic (TO) phonon; the 204 cm −1 peak is the first-order LO phonon; and the 450 cm −1 peak is the first overtone of the LO phonon (2LO). Our Raman measurements from a PbS powder show the first-order LO phonon at 200 cm −1 and a peak at 143 cm −1 , which probably arises due to a combination of TA and TO phonons. The Raman spectrum from monoliths patterned with PbS shows the secondand the third-order LO phonon peaks at 440 and 610 cm −1 , respectively. Observation of overtones which are not detected in the bulk appears to be a common phenomenon in nanocrystals [49] and has been reported for PbS nanoparticles with a mean size of 1.5 nm [52] . The origin of the 240 cm −1 peak is still under investigation; this could be the first-order LO phonon, which has an enhanced peak position due to the size of the nanocrystal. In 2 nm PbS nanocrystals, for example, the forbidden LO phonon appears at 230 cm −1 [53] . We notice that a shoulder around 240 cm −1 is also evident in the spectra of the PbS powder.
Conclusion
In conclusion, we have demonstrated a method of generating quantum dots with photolithography, which has several important features. Quantum dots can be synthesized with UV and x-ray lithographies, which have a very high theoretical spatial resolution. The process is water-based and highly luminescent composites can be fabricated in a few steps. The quantum yield of the composites can be increased with photoactivation to up to 30%, which is comparable to the quantum yield of the best commercial quantum dot composites. The main drawback of the technique, at this point, is probably polydispersity, which was estimated to be around 50% from the FWHM of the exciton peak in the absorption spectra. Polydispersity might be eliminated by using matrices with well-contolled pore size, or by size-selective photocorrosion, and this is where our research will focus in the near future.
